A key unresolved debate in human vision concerns whether we have two different low-level mechanisms for encoding image motion. Separate neural mechanisms have been suggested for first-order (luminance modulation) and second-order (e.g. contrast modulation) motion in the retinal image (Chubb and Sperling 1988) but a single mechanism could handle both (Johnston et al. 1992). Human functional magnetic resonance imaging (fMRI) has not so far convincingly revealed separate anatomical substrates. To examine whether two separate but co-localised mechanisms might exist, we used the technique of fast fMRI adaptation. We found direction-selective adaptation independently for each type of motion in the motion area V5/MT+ of the human brain.
INTRODUCTION
Detection of motion is an essential and highly developed function of the human visual system. We can perceive motion of second-order image characteristics (Cavanagh and Mather 1989) , such as boundaries defined by contrast differences or local speed differences, as well as motion of first-order signals (boundaries defined by luminance gradients; see Smith, 1994b , for a review). Pure second-order motion is a laboratory phenomenon, requiring careful removal of first-order signals to yield an unnatural stimulus, yet we can perceive such motion very readily. In real-life situations, where both types of cue are typically present and are correlated, second-order signals can help to characterize a moving target in a noisy environment with higher accuracy than if first-order signals alone were used (Smith and Scott-Samuel 2001) .
Computational studies have depicted three different views of how second-order motion is detected. First, a separate motion pathway has been proposed that has non-linear pre-processing before standard motion computation (Chubb and Sperling 1988) . Second, a single pathway of non-linear detectors has been shown to be capable of processing both types of motion (Benton and Johnston 2001; Johnston et al. Human fMRI studies are expected to provide more information on this issue, because of their ability to see multiple cortical areas at the same time and because they allow more direct comparison to results from human psychophysics. But the results published so far are not conclusive. The first such fMRI study (Smith et al. 1998) suggested separate mechanisms and tentatively identified V3/VP as the earliest cortical site at which second-order motion is encoded. More recently, while one fMRI study has implicated separate cortical networks (Dumoulin et al. 2003) , others have shown that both first-order and second-order motion are represented as early as V1 (Nishida et al. 2003; Seiffert et al. 2003) , suggesting either a common mechanism or separate mechanisms that both originate in V1.
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One reason for the inconsistency among fMRI studies has been the relatively coarse spatial resolution of fMRI measurement. Previously, two processes occurring in the same voxel could not be distinguished and so similar activations from two different stimuli would not necessarily indicate a single underlying mechanism. However, fMRI adaptation now allows dissociation of different functional properties of neural populations within voxels (Grill-Spector and Malach 2001) . Repeated presentation of similar stimuli causes a reduction of the blood-oxygen-level-dependent (BOLD) response in cortical regions comprised of neurons which are insensitive to the changes between them, while little or no reduction occurs if the two stimuli activate different sets of neurons. We can therefore infer the stimulus selectivity of neurons with a resolution beyond that of the fMRI voxels. Nishida et al (2003) used adaptation between stimulus blocks and found direction-selective adaptation to both first-order and second-order motion. But they did not test cross-adapta tion between the two types and so did not address the question of separate, parallel mechanisms. fMRI adaptation can also be observed in rapid event-related sequences as well as in longer blocks (Grill-Spector et al. 2006) . A short stimulus of a few seconds can 7 yield selective reduction of responses for basic visual features such as orientation (Boynton and Finney 2003; Fang et al. 2005) or motion direction (Huettel et al. 2004 ).
This approach allows more flexible testing of stimulus specificity within a limited scan time. Larsson et al (2006) used this technique for assessing the mechanisms underlying first-order and second-order orientation discrimination, and suggested two separate mechanisms by showing different distributions of adaptation across visual areas and a lack of clear cross adaptation. Note that this result does not necessarily imply separate mechanisms underlying motion detection, as discussed above and in their introduction.
Here we report the results of a rapid fMRI adaptation experiment on first-order and second-order motion. Each type of model predicts a different pattern of results. Separate adaptation, up to a point where the signals are integrated, would be found if there are dual pathways. Similar intra-and cross-adaptation would be evidence for a single mechanism. Partial cross adaptation is expected if second-order motion detection relies on feature-tracking, because the feature tracking mechanism can also be adapted by first-order motion, while low-level motion sensors would be adapted only by first-order motion. Our results showed direction-selective adaptation effects in MT+, the "motion 
METHODS

Participants
Two of the authors (HA, MW) and three naïve volunteers (JM, PM, WE) participated (aged 20-37, two males and three females). All had normal vision. The experiments were conducted in accordance with the Declaration of Helsinki, and were approved by the ethical committee of Royal Holloway, University of London (RHUL).
All the participants were screened using a standard procedure before going into the MR scanner. Written informed consent was obtained before each scanning session. One of the authors (HA) and another naïve volunteer (aged 27-38, both males) participated in the psychophysical experiment. Naïve participants were paid for their time according to standard rates and procedures.
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Data acquisition
Magnetic resonance images were acquired by using a Siemens Trio scanner (3T) in RHUL, with an 8-channel phased-array head coil. T1-weighted anatomical images were acquired at the beginning of each session (MP-RAGE, Siemens, 1x1x1 mm voxels). Functional images were acquired with T2*-weighted gradient-recalled echo-planar imaging sequences. The voxel size was 3.0x3.0x3.0 mm. Fourteen oblique slices were acquired from the occipital lobe with TR=1s (TE=31ms, flip angle=90°, FOV=192x192mm).
Visual stimulation
Visual stimuli were back-projected onto a screen by a liquid-crystal projector.
These were viewed binocularly through a mirror above the head coil. The screen was visible as a circular aperture of 30 deg diameter. The luminance profile was linearised, with a mean luminance of about 2000 cd/m 2 .
The stimulus formed an annulus that subtended from 1deg (inner diameter) to
Page 9 of 48 6 deg (outer diameter) visual angle, which was filled with random dots of 50% contrast (Fig. 1) . Each dot consisted of a single screen pixel to minimize first-order artefacts (Smith and Ledgeway 1997). The outer area was filled with mean grey. A small disk (diameter~=0.4 deg) was presented in the centre for fixation.
The stimulus was a radial sinusoidal pattern of 6 cycles/round (Fig. 1 , see also Ledgeway and Smith 1994) . For the first-order stimuli, this was created by adding luminance modulation (LM) to the static noise. For the second-order stimuli, the contrast of the noise was modulated by the sinusoid (contrast-modulation, CM). In addition to standard gamma correction, the modulation depth of pixels that were darker than the average was adjusted to remove first-order artifacts in the contrast-modulated stimuli (Ashida et al. 2001) . The effective modulation contrast was roughly matched between the two motion types (LM: 20% for adaptation and 10% for test, CM: 100% for adaptation and 50% for test). The noise was present throughout the run, with only the modulation appearing and disappearing during events. The speed of motion was always 3.33 Hz (33.3 rpm).
Procedure
A trial began with a moving grating as an adaptation stimulus, S1 (2s),
followed by an inter-stimulus interval with no modulation (2s) and then the test stimulus, S2 (1s). There was then a 3-s interval with no modulation before the next trial.
There were five test conditions: LM-same, LM-opposite, CM-same, CM-opposite, and control. Same/different refers to direction of motion, and the control contained S1 only. These five conditions were repeated five times in a single run with the order balanced using m-sequences (Bu racas and Boynton 2002) . This ensured that any contamination of the averaged timecourses by the response to the preceding trial affected all event types equally. Events occurred every 8s. A run consisted of 26 events, with the first one excluded from the analyses. There were blank periods of 6s in the beginning and 11s at the end of each run.
As a precaution in case adaptation effects carried over from one event to the next, the motion type (LM/CM) and direction (CW/CCW) of S1 were fixed within a given scan run. Eight runs were conducted for each type of S1 across two sessions, four in CW and four in CCW directions, in four alternating blocks of two runs of the same Page 11 of 48 direction (S1 directions were collapsed in the data analyses). There were thus 40 events of each condition per participant. A short rest was given between runs.
A central disk served as a fixation mark, the colour of which changed randomly at a rate of 1Hz. To promote fixation and maintain a constant attentional state, participants were asked to count the number of blue disks and report it after each run.
Regions of interest
Moving LM stimuli of the same type ( Fig. 1a) were used to identify the MT+ region of interest (ROI) in separate block-design runs (motion vs. blank, 15-s blocks).
During the motion blocks, the modulation contrast was 20% and the rate of motion was 3.33Hz (33.3rpm). The motion direction was reversed every 2.5s. During the blank blocks, the fixation disk was presented with the unmodulated noise ring. GLM contrast was computed between motion and blank blocks for each participant. An ROI corresponding to MT+ was identified on the basis of both functional activity and its known approximate anatomical location (Dumoulin et al. 2000) .
For four of the five participants, areas MT, MST and V3A were identified for 
Data analysis
The images were analyzed using Brain Voyager software (Brain Innovation, Inc, The Netherlands). The functional images were corrected for slice timing and head movement, and temporally high-pass filtered at 0.014Hz. They were then co-registered to the standard anatomical image for each participant.
Event-related averages of timecourses were computed within each ROI for each hemisphere. Responses during 0-4s from the onset of S1 were averaged for each run and were used as baselines to compute percent signal change. The timecourses were averaged across runs within each participant and then across participants, for each type of S1-S2 pair, with the absolute motion directions of S1 collapsed.
An adaptation index for each adapt-test condition was computed on the basis of the averages, across participants, of percent signal changes collapsed between t=6s and t=12s, corresponding to the period when most of the response relates to S2. The average of the baseline condition was subtracted from that of each condition to give A opp and A same for each stimulus pair (LM-LM, LM-CM, CM-LM, CM-CM). Then the adaptation index AI was given as (A opp -A same )/ (A opp +A same ) for each pair. The 95% confidence intervals were computed by using a non-parametric bootstrap procedure (Efron & Tibshirani, 1993) . Adaptation indices were computed 10,000 times from random sampling of hemispheres with replacement, with the size of the data set being the same as the original data. The 2.5% and 97.5% quantiles were taken as the lower 
Psychophysics
In fMRI, as in psychophysics, adaptation may also result in improved
performance. An example is facilitation in the form of priming (Maccotta and Buckner 2004) . We have therefore conducted an auxiliary psychophysical experiment to consider the possible perceptual manifestation of the effect we found, by measuring the changes of detection threshold in each S1-S2 condition.
The stimulus configuration was the same as in the fMRI experiment, but to create low-contrast modulation (especially for LM stimuli), we used a VSG 2/5 framebuffer (Cambridge Research Systems, Inc) that has 14-bit greyscale resolution and a 17-inch CRT monitor (NANAO F57T, 1024 x 768 pixels, 60Hz refresh, mean luminance of 40 cd/m 2 ), which was viewed from the distance of 44 cm with the aid of a head-and-chin rest. After the S1 stimulus of 2s and a blank (with background noise) of 2s, a test stimulus (S2) was presented for 1s. The participants judged whether they saw the second moving grating and responded by using a keypad.
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The type and direction of S1 was fixed in a single run, as in the main experiment, and one type of S2 was tested in a single run. Modulation contrast was adjusted by a 1-up-1-down double random staircase procedure, in which two staircases for both motion directions were intermixed within a single run. Two runs were conducted for each S1-S2 pair. By collapsing the motion direction of S1, four measures of thresholds were obtained for each condition.
Adaptation indices were computed in the same way as described above for the fMRI data, on the basis of averaged sensitivities (i.e. reciprocals of thresholds) across participants as A same and A opp . The 95% confidence intervals were computed by using a non-parametric bootstrap procedure, as described above for the fMRI data, in which the runs were randomly sampled with replacement.
RESULTS fMRI adaptation
---- was the same for S1 and S2. That is, responses were reduced, reflecting common neural processing, when S2 moved in the same direction as S1. This is consistent with neural adaptation of direction-sensitive neurons within each of two separate detection mechanisms. When S1 was LM and S2 was CM (Fig. 2 left, red and orange lines) and when S1 was CM and S2 was LM (Fig. 2 right, green and turquoise lines), there was no direction-selective adaptation. The adaptation indices in Figure 3 confirm that reliable adaptation occurred only when the stimulus type was the same for S1 and S2. Cross adaptation between LM and CM motion was not found after adapting to either LM or CM motion.
---- Fig. 3 about here : Adapt. Index ----It might be argued that insufficient control of attention could have caused a significant artefact, since BOLD responses in MT+ are significantly increased by attention (Huk et al. 2001 ). But we believe that such an effect, if any, was not crucial for the following reasons. First, the demanding task at fixation should have minimised attention to the stimuli. Second, the modulation contrast of S2 was halved from that of S1 and the two stimuli never looked the same. It is unlikely that the participants' attention was captured only when the stimulus type changed. Third, attention alone cannot explain the whole pattern of results. Attention to direction change could lead to larger responses for opposite motion regardless of the stimulus type, but this was not the case. Attention to change in stimulus type could lead to larger responses for cross-adaptation conditions regardless of direction, but neither was this consistently the case. Simultaneous attention to both variables predicts that the largest response would occur for the condition with stimulus-change and direction change, but these responses were no larger than two of the remaining three conditions. It is possible that attention to stimulus change could obscure the effect of direction change if there were saturation of Page 18 of 48 the response, but the use of a low S2 contrast makes saturation unlikely.
There was a slight hint of adaptation in the LM probe stimuli after adapting to CM stimuli. While partial cross adaptation from CM to LM is one possible interpretation, it must be remembered that complete elimination of first-order artifacts is not easy even after careful calibration. It is therefore safer (and parsimonious) not to take this small effect as genuine unless confirmed by more through investigation. Minor contamination could be crucial at the threshold level but is not necessarily so in our supra-threshold experiment. Note that a first-order artifact would also be expected to result in apparent cross-adaptation in the opposite direction (from LM to CM); this was not the case.
---- Fig respond both to first-order motion and to second-order motion. They also found similar cells in V1 although the sample was much smaller. They did not confirm cue-invariant processing (i.e. invariant responses to first-order and second-order motion) in most MT cells, but suggested that some cells may be cue-invariant. They also found that preferred spatial frequency was lower for second-order motion than for first-order motion, while direction tuning was similar for both types of stimuli. Their finding is generally consistent with our finding of independent adaptation in human MT+, although the exact site of fMRI adaptation is unknown, as we discuss in the next subsection.
Mareschal and Baker (1998, 1999) 
Possible site of adaptation
Our result of separate direction-selective adaptation to first-and second-order motion in MT+ appears to be consistent with the incomplete cue-invariance found by O'Keefe and Movshon (1998) as described above. But fMRI adaptation found in area MT+ does not necessarily imply that adaptation occurs within MT+, because adapted input signals from the previous processing levels could lead to a similar result (Grill-Spector et al. 2006; Larsson et al. 2006) . Actually, a single-unit study of macaques has suggested that adaptation to visual motion in MT probably reflects gain control in earlier sites because adaptation was specific to the spatial location despite 
CONCLUSION
Initial separate detection of first-order and second-order motion is suggested by our finding of direction-selective BOLD adaptation to visual motion that is specific to first-order and second-order motion. Two questions remain unanswered; where direction-selective adaptation originates, and how/where motion signals are integrated across stimulus types. These questions highlight methodological challenges of fMRI adaptation in terms of asking about the hierarchical structure of the system, since adaptation is evident as a reduction of the response to the same direction relative to the opposite direction, and occurred when S1 and S2 were of the same stimulus type, both LM or both CM, but not when they were different.
GRANTS
Fig. 3
Adaptation index in MT+, computed from the averaged signal changes across participants. The error bars indicate 95% confidence intervals that were estimated by using a bootstrap procedure. See text for details. The adaptation indices with 95% confidence intervals.
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